We study the three-dimensional deformation field induced by an axial (In,Ga)N segment in a GaN nanowire. Using the finite element method within the framework of linear elasticity theory, we study the dependence of the strain field on the ratio of segment length and nanowire radius. Contrary to intuition, the out-of-planecomponent ε zz of the elastic strain tensor is found to assume large negative values for a length-to-radius ratio close to one. We show that this unexpected effect is a direct consequence of the deformation of the nanowire at the free sidewalls and the associated large shear strain components. Simulated reciprocal space maps of a single (In,Ga)N/GaN nanowire demonstrate that nanofocus x-ray diffraction is a suitable technique to assess this peculiar strain state experimentally.
(In,Ga)N/GaN heterostructures are an integral part of light emitting devices used for full-color displays and solid-state lighting. For conventional planar heterostructures, the In content in the (In,Ga)N quantum well is restricted due to the formation of dislocations beyond a certain critical stress [1] [2] [3] [4] [5] . Axial (In,Ga)N/GaN nanowire (NW) heterostructures are promising alternatives since their high aspect ratio and high surface-to-volume ratio are expected to facilitate the incorporation of higher amounts of In without resulting in plastic deformation [6, 7] . In fact, a NW can effectively release strain elastically close to its free surface, and thereby accommodate a higher lattice mismatch compared to a planar layer [8, 9] . The prospect to incorporate a high amount of In into a GaN matrix offers the intriguing possibility to tune the emitted wavelength from the near-ultraviolet to the near-infrared region [10] . The potential advantages of NWs for light emitting applications have encouraged many investigations of their growth [11, 12] , related phenomena such as phase segregation [13, 14] as well as their optical properties [15] [16] [17] .
The elastic strain relaxation in axial NW heterostructures depends on both the length of the strained segment and the radius of the NW, which therefore represent additional degrees of freedom to tune the emission wavelength [18, 19] . In contrast to planar structures, however, the strain distribution in a NW heterostructure is inherently three-dimensional and more complex than commonly assumed.
In this letter, we investigate the strain field in axial (In,Ga)N/GaN NW heterostructures using the finite element method. In particular, we discuss the dependence of the outof-plane component of the elastic strain tensor, ε zz , on the length of the (In,Ga)N segment and the NW radius. We show that for certain length-to-radius ratios, ε zz may assume large negative values. Finally, we suggest that x-ray diffraction experiments on single (In,Ga)N/GaN NWs employing nanofocus synchrotron radiation are a viable means to access the strain state in these nanostructures experimentally.
The strain field induced by a lattice-mismatched segment in a NW can be obtained in closed form only when treating the NW as an infinitely long cylinder. [18] To take into * Electronic address: krause@pdi-berlin.de account the actual hexagonal cross-sectional shape of the GaN NWs under consideration, we employ the finite element method (FEM) as implemented in the commercial package MSC Marc ® . Our simulations are performed within the framework of linear elasticity theory for which the components of the strain tensor are dimensionless. An important consequence of this fact is that our results can be scaled arbitrarily to smaller or larger dimensions as long as the strain relaxation is purely elastic. In other words, the strain field in the NW will be identical for all axial (In,Ga)N/GaN NW heterostructures with the same ratio of NW diameter and segment length. Our simulations take into account the full elastic anisotropy of the hexagonal group-III nitrides. In all what follows, we consider a hexagonally shaped, 0001 -oriented GaN NW with an embedded In x Ga 1−x N segment with x = 0.3 as schematically depicted in Fig. 1 . The alloy is treated as a perfectly homogeneous material, i. e., the random compositional fluctuations in this material are ignored. For the sake of explicitness, but without loss of generality, we set the NW radius to r = 10 nm. Energy balance considerations for an elastically isotropic mate- rial predict that the In 0.3 Ga 0.7 N segment remains coherently strained for this radius regardless its length . [8] Experimental investigations were focused on very short (In,Ga)N segments which in the following we refer to as quantum disks (QDs) with a thickness of typically not more than 2 to 5 nm. [21] [22] [23] For an In 0.3 Ga 0.7 N QD with this thickness, the emission wavelength is expected to be between 600 and 700 nm, making these structures interesting for applications for red light emitting diodes. Thicker QDs would be expected to emit in the infrared spectral range, but for the corresponding planar structures, strain-induced piezoelectric fields within the QDs would inhibit the emission altogether. For NWs, however, the elastic strain relieve at the NW sidewalls may greatly reduce the magnitude of these fields. For a systematic investigation of the evolution of the strain field within the NW, we thus vary the segment length from 2 to 40 nm while keeping the In content and NW radius constant.
We first focus on the out-of-plane component of the elastic strain tensor, ε zz , as defined by the relative lattice parameter difference with respect to the unstrained bulk material. For a pseudomorphically strained (In,Ga)N/GaN layered system, the (In,Ga)N layer is under biaxial compressive strain characterized by a positive value of ε zz throughout the (In,Ga)N layer. Intuitively, we would expect a positive value for ε zz for an equivalent layer sequence in a NW as well. Since strain can be elastically relieved at the NW surface, ε zz will be decreased particularly close to the surface, and should eventually approach zero in the limit of very thin NWs except for the interfacial boundaries. However, in the following we will demonstrate that the strain relaxation in axial (In,Ga)N/GaN NWs does not proceed in this simple monotonic fashion as intuitively expected.
To follow the evolution of the strain field with increasing /r ratio, we calculate a map of ε zz for different lengths of the embedded In 0.3 Ga 0.7 N segment as shown in Fig. 2 . For the 2 nm thick QD, a strain state similar to an equivalent planar system is established, i. e, the QD is under essentially uniform strain with ε zz > 0 throughout its volume. Strain relaxation mainly occurs in the direct vicinity of the free sidewall surfaces and the In 0.3 Ga 0.7 N/GaN interfaces, manifesting itself in long-range distortions in the adjacent GaN segments which change their character from tensile (ε zz < 0) to compressive (ε zz > 0) with increasing distance from the QD. Furthermore, ε zz attains values of more than 3% directly at the edges of the hexagonal In 0.3 Ga 0.7 N QD.
For thicker QDs, this behavior changes profoundly, in that the relaxation affects progressively more of the volume of the In 0.3 Ga 0.7 N QD itself. For = 6 nm [see panel (i) in Fig. 2 ], a part of the inner core of the QD exhibits the bulk lattice constant of In 0.3 Ga 0.7 N with ε zz = 0. Embedded into this region are two radially separated regions with a negative value of ε zz . These regions represent a cut through a torusshaped strain distribution with maximum compression.
When increasing , the spatially separated compressed regions extend toward the center of the segment and eventually merge. As a result, the entire inner core of the In 0.3 Ga 0.7 N segment is under tensile strain with ε zz < 0. The maximum magnitude of this tensile strain is reached for /r ≈ 3/2 [see panel (ii) of Fig. 2 ], for which ε zz approaches a negative value as large as −0.8%. The maximum values for ε zz of about 2% are again observed at the edges of the In 0.3 Ga 0.7 N segment.
A further increase of the /r ratio beyond the value of 3/2 reverses the continuous decrease of ε zz in the center of the segment. However, the inner core of the In 0.3 Ga 0.7 N segment persists to be under tensile strain until the /r ratio attains values larger than 3 [see panel (iii) in Fig. 2 ]. In this case, the minimum in the center of the segment starts to divide into two minima forming again a torus-shaped strain distribution, but now in axial direction. At the same time, the value of ε zz in the center of the segment slowly approaches zero. Finally, a strain state akin to complete elastic relaxation is observed for the middle part of the 40 nm long In 0.3 Ga 0.7 N segment. However, the strain field stays complex at the interface to the adjacent GaN segments.
Note that the complete elastic relaxation observed for long segments is not to be confused with the vanishing ε zz for /r = 3/2 [cf. panel (i) of Fig. 2] . While the former effect is a simple manifestation of St. Venant's principle [24] [25] [26] the latter one is as unexpected as it is difficult to understand on an intuitive basis.
To shed light onto this anomaly in the dependence of the out-of-plane strain on the /r ratio, we next consider all components of the strain tensor, and in particular the shear strains. As a representative example, Fig. 3 shows these components for the In 0.3 Ga 0.7 N/GaN NW with /r = 1, for which a significant portion of the In 0.3 Ga 0.7 N segment exhibits a tensile out-of-plane strain (cf. Fig. 2 ). Despite of this fact, the in-plane normal components ε xx and ε yy are seen to be spatially uniform and small (−0.3%) essentially within the entire In 0.3 Ga 0.7 N segment. Deviations from this quasi-relaxed in-plane strain state are observed only at the interfaces, where the adjacent materials experience a strong compressive and tensile strain to accommodate the lattice mismatch and to establish a commensurate boundary.
In contrast, the out-of-plane component ε zz is negative in the central part of the segment and continuously increases toward both the free surface and the interfaces to the adjacent GaN segments. On each {1010} facet of the segment surface, ε zz is smallest at the center of the facet and increases toward the hexagonal edges as well as toward the interfaces with a maximum value of about 2%. This variation of ε zz is accompanied by a significant convex deformation of the shape of the segment at the free sidewalls.
This deformation of the In 0.3 Ga 0.7 N segment necessitates non-zero shear strains. In fact, all three shear-strain components are significant, and particularly so those with out-ofplane components (ε zx and ε yz ), which reach magnitudes as large as 4%. These shear components allow an almost complete in-plane relaxation of the In 0.3 Ga 0.7 N segment via the convex deformation of the NW sidewalls. It is this deformation which results in an axial contraction, and is thus directly responsible for the negative out-of-plane strain observed in this study. Additionally, due to the small Poisson ratio of GaN the In 0.3 Ga 0.7 N segment induces a volume change of 1:0.969 deviating from an equivalent layered structure which shows a volume change close to one.
To access the local strain state of a single NW experimentally is a difficult task. A particularly powerful technique to investigate the three-dimensional strain distribution within single (In,Ga)N/GaN NWs is nanofocus x-ray diffractometry [27] [28] [29] . This non-destructive technique combines a high angular resolution in reciprocal space with a sub-µm spatial resolution [30] [31] [32] . To assess the feasibility tion in reciprocal space. The atom coordinates are interpolated using the displacement field u u u obtained from FEM giving the displacement of the atom positions u u u(r r r i ). As an example, we will discuss four simulated reciprocal space maps (RSM), showing the diffusely scattered intensity around the symmetric GaN(0004) reflection. We assume a spot size of 120×120 nm 2 and the strain fields are taken from the series of Fig. 2 . In Fig. 4(a) , we consider a bare GaN NW yielding a peak at q z = 4.85Å −1 which is the expected position for bulk GaN. This peak is modulated by finite size oscillations due to the NW geometry. The pattern changes as soon as strain is introduced into the NW due to the presence of an In 0.3 Ga 0.7 N segment. The RSM shown in Fig. 4(b) for a 4 nm thick QD exhibits no distinct peak related to In 0.3 Ga 0.7 N, but the phase shift induced by the QD results in pronounced interference fringes. For = 10 nm, the FEM simulation predicts negative elastic strain within the QD volume, which in turn will shift the peak position of relaxed In 0.3 Ga 0.7 N toward larger values of q z as indeed seen in Fig. 4(c) . Besides the change in the position of the Bragg peak, the diffuse part at q x = 0 serves as a sensitive fingerprint of the established strain field within a NW. Due to the comparatively large volume of relaxed In 0.3 Ga 0.7 N, the RSM of the 40 nm long segment exhibits a clear peak with high intensity close to the position of relaxed In 0.3 Ga 0.7 N indicated by the white line in Fig. 4(d) . The complex strain field at the interfaces manifests itself by the strong modulations around this peak. Based on the simulated RSMs, we conclude that an In 0.3 Ga 0.7 N segment embedded in a GaN NW has a significant, experimentally accessible impact on the diffraction pattern, and nanofocus x-ray diffraction experiments are thus suitable to probe the local strain distribution in these NW heterostructures.
The results obtained in this work for 0001 -oriented (In,Ga)N/GaN NWs are also valid for other axial semiconductor NW heterostructures, including all 0001 -oriented wurtzite NWs, but also 111 -oriented NWs composed of diamond and zincblende materials such as Ge/Si [33] [34] [35] , Si/GaP [36] , InAs/InP [37, 38] , CdTe/ZnTe [39] . For all these materials systems, the strain anomaly investigated in the present work is not only of academic interest, but has potentially far-reaching consequences for their application in electronic and optoelectronic devices. In fact, our study shows that the length-to-radius ratio can be used to engineer the strain field and in particular to tune the out-of-plane strain component from compressive to tensile. We can use this new degree of freedom to manipulate the band gap, the effective mass, and the magnitude and direction of the piezoelectric fields in the strained insertion.
